Multiple infrared photon absorption is a quite general process which molecules can undergo when placed in a high flux of infrared energy, such as the focussed beam of a CO2 laser.
can be induced by any CO2 laser line in the 900 -1050 cm-1 region. Recently, we have obtained some data on the pressure dependence of this reaction which demonstrates the importance of knowing the detailed absorption structure at the pump laser frequency. These results are shown in Fig. 1 . Note that the fraction of vinyl chloride dissociated by 2000 pulses of the P(32) CO2 laser line, at 0.3J /pulse, from a Model 215G Tachisto TEA laser, actually increases over the pressure range of 1 to 20 Torr. The reason for this may be seen in the curve of energy absorbed vs. pressure, which rises faster than linearly. The apparent absorption coefficient increases by early a factor of three between 1 and 20 Torr, from 0.0002 Torr -1 cm-1 to 0.00057 Torr -i cm-i. Even at the highest pressure, the medium is still partially saturated with respect to the small-signal absorption coefficient of 0.0022 Torr -1 cm-1 J.
Evidently, the saturation of absorbing transitions by highpower CO2 laser radiation is partially removed by pressure broadening, allowing more energy to be coupled into the system. When the yield is normalized by the amount of energy absorbed, a curve which decreases with pressure is obtained, as would be expected for collisional deactivation of the multiple -photon excited molecules. Until a detailed 
Abstract
Multiple infrared photon absorption is a quite general process which molecules can undergo when placed in a high flux of infrared energy, such as the focussed beam of a CC>2 laser. Among the important consequences of this kind of absorption are isotopically selective molecular dissociation and stimulation of specific chemical reactions. In order to understand how this process works, we must be able to follow the evolution of the molecules through their internal states, populated by photon absorption. Double resonance spectroscopy is the method of a choice for getting at this information. A system pumped by CO 2 laser radiation can be examined with a tunable laser probe beam, such as that from a lead-salt diode laser. From such an experiment, we can directly observe Rabi modulation of the absorption lines, determine elementary state-to-state relaxation pathsways , and locate higher excited vibrational states. Systems currently under investigation include SFg and vinyl chloride. In suitable cases, the probe beam can be a tunable visible or u.v. source, such as a dye laser. Fluorescence spectroscopy can then be used to monitor the transient absorptions produced by multiple-photon excitation. Among the systems which can be examined in this way are biacetyl and glyoxal .
Introduction: Reactions Induced by Multiple Infrared Photon Absorption
Since the initial report of multiple infrared photon dissociation of SFg in 1975 ( ', the induction of chemical transformations by absorption in an intense infrared field has come to be recognized as a quite general molecular process (2) . Multiple photon excitation can lead either to dissociation into molecular fragments, as in SFg , BC1 3 , CF2C12/ CF^f and many other species, or to isomerization reactions (cyclopropane -> propylene , hexafluorocyclobutene -> hexaf luorobutadiene, CH 3 CN -> CH 3NC, etc.). In either instance, interpretation of the process requires at least some knowledge of the molecular energy levels reached in initial and subsequent photon absorption steps; very often, this information is difficult to come by.
In the case of SFg dissociation, for example, it appears that even moderate laser powers (<_ 50 KW-cm" 2 ) can drive the molecule to at least V3 = 4 , and probably higher. This conclusion is based on a theoretical analysis of anharmonic splittings (3) ; the precise locations of 2v 3 <-V3/ 3v3 «-2v3, etc., need to be measured before this result can be confirmed.
. . Although the fundamental 10 vim absorption of SFg is, by now, well understood , even this level of analysis is not available for most other species which undergo infrared multiple-photon processes. We have been investigating the infrared-laser-induced dehydrohalogenation of halogen-substituted ethylenes, such as vinyl chloride^). The reaction
can be induced by any CO2 laser line in the 900-1050 cm~l region. Recently, we have obtained some data on the pressure dependence of this reaction which demonstrates the importance of knowing the detailed absorption structure at the pump laser frequency. These results are shown in Fig. 1 . Note that the fraction of vinyl chloride dissociated by 2000 pulses of the P(32) CO 2 laser line, at 0.3J/pulse, from a Model 215G Tachisto TEA laser, actually increases over the pressure range of 1 to 20 Torr. The reason for this may be seen in the curve of energy absorbed vs. pressure, which rises faster than linearly. The apparent absorption coefficient increases by nearly a factor of three between 1 and 20 Torr, from 0.0002 Torr" 1 cm"" 1 to 0.00057 Torr"" 1 cm"" 1 . Even at the highest pressure, the medium is still partially saturated with respect to the small-signal absorption coefficient of 0.0022 Torr" 1 cm" 1 ^ '' . Evidently, the saturation of absorbing transitions by highpower C02 laser radiation is partially removed by pressure broadening, allowing more energy to be coupled into the system. When the yield is normalized by the amount of energy absorbed, a curve which decreases with pressure is obtained, as would be expected for collisional deactivation of the multiple-photon excited molecules. Until a detailed 
High Resolution Single -Photon Spectroscopy
Information on details of the fundamental (vx = 1 + 0) band may be obtained by scanning the molecule's infrared absorption with a tunable diode laser.
This has been carried out for SF6, for example, with the result that we now know just which transitions are pumped by a given CO2 laser line (4) .
The absorption bands of vinyl chloride also show a complicated structure in the 10 pm region; in this instance, the complexity is due to asymmetric rotor structure, rather than the Coriolis splittings characteristic of SF6. We have been able to assign a small portion of this spectrum to the RQ15 branch of the v11(a ", CH2 out -ofplane twist) vibration and the PQ2 and PQ3 branches of the vl0(a ", CH2 wag) vibration (8; 0.01
0001
The vinyl chloride spectrum was scanned with an Arthur D. Little Model TDLS -II tunable PbSnSe diode laser, at a resolution of 0.001 cm-1 or better. Absolute calibration was obtained from the nearest 00 °1 4-10°0 absorption line in heated CO2, with a germanium etalon providing a measure of the wavenumber vs. current tuning rate. While extensive coverage of the 935 -945 cm-1 region was obtained, only the three branches mentioned above could be assigned.
A reproduction of the RQ15 (vii) branch is shown in Fig. 2 . Note the K -type splitting (asymmetry doubling) which sets in at J = 30. An additional splitting appears at J 37, which may be due to a 35C1/37C1 isotope effect. No such splittings were evident in the PQ2 and PQ3 branches, which could be followed out to J > 40.
An approximate formula for asymmetric rotor energy levels due to Varsanyi(9'10) was used to represent the data. This expression is The analysis of the RQ15 band, using Eqs. (2) - (5), is given in Table 1. Table 2 summarizes the molecular constants derived from the three bands analyzed.
If we assume that DJK ~ D3K, then for the y11 vibration, B'= 0.190805 + 256 ( -1.58 x 10 -6) = 0.1904 cm -1.
Clearly, additional branches need to be assigned before the fundamental absorption band can be fully analyzed. spectroscopic analysis of the vinyl chloride absorption bands is available, however, we can say very little about the states popula ted either by direct absorption or by relax ation .
High Resolution Single-Photon Spectroscopy
Information on details of the fundamen tal (v x = 1 «-0) band may be obtained by scanning the molecule's infrared absorption with a tunable diode laser. This has been carried out for SFg, for example, with the result that we now know just which transi tions are pumped by a given CO 2 laser line( 4 ). The absorption bands of vinyl chlo ride also show a complicated structure in the 10 ym region; in this instance, the complexity is due to asymmetric rotor struc ture, rather than the Coriolis splittings characteristic of SFg. We have been able to assign a small portion of this spectrum to the BQis branch of the vn(a", CH2 out-ofplane twist) vibration and the P Q2 and PQ3 branches of the vio(a", CH2 wag) vibration'**;
The vinyl chloride spectrum was scanned with an Arthur D. Little Model TDLS-II tun able PbSnSe diode laser, at a resolution A reproduction of the RQl5 (vn) branch is shown in Fig. 2 . Note the K-type splitting (asymmetry doubling) which sets in at J -30. An additional splitting appears at J £ 37, which may be due to a 35 C1/ 37 C1 isotope effect. No such splittings were evident in the P Q 2 and Q 3 branches, which could be followed out to J > 40.
An approximate formula for asymmetric rotor energy levels due to Varsanyi^' ' was used to represent the data. This expression is 
The analysis of the RQ]_5 band, using Eqs. (2)- (5), is given in Table 1 . Diode laser scan of the vinyl chloride RQ15(v11) branch near 942.0 cm-1. This is a composite of three separate scans; note the change in frequency scale at 942.123 cm -1, and the nonlinear tuning rate to lower frequencies. This is a composite of three separate scans; note the change in frequency scale at 942.123 cm~l, and the nonlinear tuning rate to lower frequencies. While the characterization of the absorption spectra of ground -state molecules such as SF6 or vinyl chloride is by no means trivial, the corresponding problem for the intermediate states in multiple -photon absorption is even more difficult.
In this case, an absorption spectrum must be obtained for a transient species which exists only during the pumping laser pulse. Double resonance spectroscopy is required to accomplish this. Previous double resonance work on SF6 used a line -tunable CO2 laser to probe transient absorption during infrared pumping`15). One cannot really obtain a true absorption spectrum with the limited number of frequencies available in this way. What is required is the use of a continuously tunable diode laser as the source. Experiments of this type have been carried out at Lincoln Laboratories 11 and at M.I.T. In these experiments, a Q-switched or TEA -type CO2 laser is used to pump the molecules.
The transmission of tunable diode laser radiation (from an Arthur D. Little Model TDLS -II) through the gas is monitored with a PAR160 boxcar integrator synchronized with the pumping pulse. A typical result is shown in Fig. 3 . From such experiments, we can get information not only about the pumping dynamics, but also, by varying gas pressure and detection delay times, about collisional relaxation processes. Analogous experiments on vinyl chloride will be helpful in determining the effect of pressure on saturation behavior, and thus on multiple -photon pumping efficiencies.
Infrared -Visible Double-Resonance Spectroscopy
An alternative method involves pumping with high -power infrared radition, and probing an electronic transition in the same molecule with ultraviolet 9r visible radiation. The fluorescence excited by the second radiation field is monitored(( . An example of a system which has been studied by this technique is biacetyl, (CH3CO) 2(18,19 ) As studied in our laboratory, the 4579 A line of a Coherent Radiation M del 6 Ar ion laser is used to excite fluorescence near the (0,0) band of the A 1Au -X 1Ag transition. Pumping with 10.6 pm CO2 laser lines produces large changes in the fluorescence intensity due to the removal of molecules from absorbing states.
A similar experiment may be carried out in trans -d2-glyoxal. While the characterization of the absorption spectra of ground-state molecules such as SFg or vinyl chloride is by no means trivial, the corresponding problem for the intermediate states in multiple-photon absorption is even more difficult.
In this case, an absorption spectrum must be obtained for a transient species which exists only during the pumping laser pulse. Double resonance spectroscopy is required to accomplish this.
Previous double resonance work on SFc used a line-tunable CO2 laser to probe tran sient absorption during infrared pumping^15 ). One cannot really obtain a true absorption spectrum with the limited number of frequencies available in this way. What is required is the use of a continuously tunable diode laser as the probing source. Experiments of this type have been carried out at Lincoln Laboratories'^) ancj at M.I.T. In these ex periments, a Q-switched or TEA-type CC>2 laser is used to pump the molecules. The trans mission of tunable diode laser radiation (from an Arthur D. Little Model TDLS-II) through the gas is monitored with a PAR160 boxcar integrator synchronized with the pumping pulse. A typical result is shown in Fig. 3 . From such experiments, we can get information not only about the pumping dynamics, but also, by varying gas pressure and detection delay times, about collisional relaxation processes. Analogous experiments on vinyl chloride will be helpful in determining the effect of pressure on saturation behavior, and thus on multiple-photon pumping efficiencies.
Infrared-Visible Double-Resonance Spectroscopy
An alternative method involves pumping with high-power infrared radition, and probing an electronic transition in the same molecule with ultraviolet or visible radiation. The fluorescence excited by the second radiation field is monitored^17 '. ^An example of a system which has been studieg by this technique is biacetyl, (CH3CO)2* ' '• As studied in our laboratory, the 4579 A line of a Coherent Radiation^Model 6 Ar ion laser is used to excite fluorescence near the (0,0) band of the A 1A U -X 1Ag transition. Pumping with 10.6 ym C02 laser lines produces large changes in the fluorescence intensity due to the removal of molecules from absorbing states. A similar experiment may be carried out in trans-d2~glyoxal.
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